Generally and in one form of the invention this is a periodic surface filter comprising at least one element at a surface of the filter and electronic controls to change the optical characteristics of the element. Other methods and devices are disclosed.
FIELD OF THE INVENTION
This invention generally relates to periodic surface filters.
BACKGROUND OF THE INVENTION
Without limiting the scope of the invention, its back ground is described in connection with Frequency Selective Surfaces (FSS). The term, periodic surfaces, is used to describe a broad range of objects which include everything from periodic arrays of antennas and apertures to optical diffraction gratings, at wavelengths from microwave to X-ray. One type of surface is the wire grid, useful for filters and polarizers. Periodic surface filters, also known as Fre quency Selective Surface (FSS) are a further development of wire grid technology. They are composed of appropriately shaped conductors in thin layers on a dielectric substrate. The spacing between elements in the layers can be less than a wavelength. In the optical wavebands, this results in transmission of a single diffraction order, instead of the multiple orders transmitted by larger early technology.
IR filters can be made using conducting surfaces com posed of Frequency Selective Surfaces (FSS). Most prior developments are for fixed frequency structures (i.e. the resonance or resonances, giving either bandpass or ban dreject frequency characteristics, cannot be time varied or modulated or tuned).
SUMMARY OF THE INVENTION
It is herein recognized that a need exists for controllable optical periodic surface filters where the resonant frequency may be altered. The present invention is directed toward meeting those needs.
Generally, and in one form of the invention, a periodic surface filter is presented comprising at least one element at a surface of the filter and electronic controls to change the optical characteristics of the element. Preferably, one or more electronic switches alter the electrical and optical coupling of the element or an electronically tunable electro optic material alters the resonant frequency of the element.
In another form of the invention a Q-switch is presented comprising a substrate and a periodic surface filter on the substrate, whereby the periodic surface filter serves as a switchable mirror for a cavity.
In yet another form of the invention a staring system is presented comprising a detector; an objective lens; a refer ence; a switching light source; and a periodic surface filter, whereby the filter serves as a shutter for the system.
In still anotherform of the invention a method of forming a capacitive periodic surface filter array is presented com prising the steps off forming a mask layer on a substrate; patterning the mask layer to expose a portion of the sub strate; forming a metal layer on the patterned masklayer and the exposed portion of the substrate; and removing the patterned mask layer and the metal layer over the patterned mask layer.
In another form of the invention a method of forming an inductive periodic surface filter array is presented compris ing the steps of: forming a first mask layer on a substrate; patterning the second mask layer to expose a portion of the first mask layer; forming a first metal layer on the patterned second mask layer and the exposed portion of the first mask layer; removing the patterned second masklayer and the first metal layer over the patterned second masklayer; removing the first mask layer in regions not covered by the first metal layer thereby exposing portions of the substrate; forming a second metal layer over the first metallayer and the exposed portions of the substrate; and removing remaining portions of the first masklayer and the first metallayer and the second metal layer over the first mask layer. frequency. The unit cell area tends to define the resonant Q or the bandpass or bandreject widths.
The basic ideas involved with making tunable periodic filters are to be able to control the effective geometry of the features or layer structure, or the dielectric constant of the component materials. For instance, the basic design of a transmission bandpass FSS is a conductive layer with a periodic array of holes (features), on top of a dielectric, and coated with optical anti-reflection coatings. The wave lengths passed are a function of the effective feature size. One way of changing the wavelength is therefore to arrange switches to change the size/shape of the holes. With appro priate switching, the holes may be "shorted", reducing the transmission to almost zero. Another way of varying the transmission is to use a photoconductive substrate under the feature layer, or a set of switches actuated by photoconductivity, then exposing to the correct wavelength and intensity of control light.
Resonant transmission bandpass FSS devices may consist of 1 or more metallic layers of slot or metal elements arrayed in a periodic 2 dimensional lattice surrounded by 1 or more layers of dielectrics. The dielectrics can be doped and/or patterned semiconductors.
Resonant transmission bandreject filters can be formed by using similar dielectric stacks along with dual metallic structures (i.e. metal to non-metal and non-metal to metal).
Thus the FSS ends up looking like arrays of disconnected metallic elements generically referred to as "dipoles" although multi-polarization elements can be used (holes, cross-dipoles, tripoles, etc.). Appropriate grating lobe con ditions need to be met for "good" performance whether transmission bandpass or bandreject in function.
In the FSS filter or structure the resonant frequency is basically proportional to the electricallength of the elements (slots, dipoles, holes, dots, etc) . Thus the resonant frequency of the FSS may be changed by changing the electricallength of the elements. This can be accomplished most simply in two ways: change the physical element length, or change the electrical parameters of the materials surrounding the ele ments. Alternatively, a third technique is to provide an Note that the switching (on/off) function can be obtained by moving the resonance out of the desired frequency band or converting part of the dielectric to a high conducting state. The latter condition is possible with appropriately biased semiconductors. Several methods add tunability to the basic FSS in a monolithic, electronically tunable structure. A band switched filter characteristic can be supplied by electronic reconfiguration of the patterned antenna structure, while fine tuning or band sweeping can be accomplished by electroni cally adjusting the material properties of the antenna array substrate. The present invention offers FSSs that provide band-switched and band-swept capability for both reflective and transmissive applications. Band switching may be accomplished using integrated active switches that alter the coupling between FSS antenna elements. Band sweeping may be accomplished by integrating electrically tunable electro-optic materials into the FSS substrate.
In a first preferred embodiment of a tunable FSS one or more field-effect transistor (FET) devices are used to alter the effective opticallength of a fixed pattern FSS resonator. The digital on-off action of the FET devices will produce discrete changes in the FSS resonance so as to provide a To form a band-switched "capacitive" FSS resonator 10 as shown in FIG. 2a , antenna stubs 12 are provided near the ends of a crossed dipole pattern 14, and are linked by an equal number of FET switches 16. A sufficient bias potential applied to the gate inputs of the FET devices 16 will produce an electrically conducting bridge between the dipoles 14 and their respective end stubs 12, so as to effectively extend the optical length of the crossed dipole resonator 10. When the FET gates 16 are unbiased, the device channel resistance will be very high and electrically and optically isolate the crossed dipoles and their respective end stub elements. The electrical model for this structure is shown in FIG.2b . In the condition where the FET devices 16 are in their respective "off" states, the main crossed-dipole antenna elements 14 and the end stubs 12 are isolated, and a shorter overall wavelength resonance is obtained. In the condition where the FET devices 16 are in their respective "on" states, the main crossed-dipole antenna elements 14 and the end stubs 12 are connected, and alonger overall resonance wavelength is obtained.
To The integration of FET switches 20 with inductive (slot) FSS patterns 18 is accomplished using a similar structure and method, by forming the FET 20 channel perpendicular to the axis of the slot dipole pattern 18, by forming ohmic contact to the FET channel at the inner edges of the slot pattern, and by forming an underlying uniformly conducting sheet below the FSS and FET channel structures to serve as a control gate electrode . FIG. 4 shows the top view of an FET structure 20 applied to a slot FSS 18 structure.
The correct operation of the FET switches in altering the optical resonance of the FSS pattern requires that the elec trical potential of the FET channels be at a defined potential with respect to their respective control gate potentials. When the FSS patternis in the form of an inductive slotpattern, the patterned antenna structure is electrically contiguous across its surface, and a preferred method to set the FET channel bias is to directly contact the FSS patternatits periphery and apply bias to establish the electrical potential of the FET channels. However, capacitive FSS patterns are discontinuous, and some means must be supplied to bus all FET channels to a common electrical contact. This bus is preferably supplied by adding a patterned conductive semi conductor layer, an undercoat, directly underneath the FSS antenna elements as shown in FIG. 5 (buried control gates are not shown). These semiconductor bus lines 50 are interconnected at the periphery of the FSS pattern 14 using semiconductor or metal interconnects, and finally contacted and biased to set the potential of the FET 16 channels. Alternatively, a preferably thin (approximately 5 nanometers thick) layer of platinum or nickel or gold metal can be deposited over the FSS pattern so as to electrically inter connect the separate FSS dipole elements 14. In this method, the apparent optical thickness of the metal overcoat must be made less than the FSS resonant wavelength. Thin metal or semiconductor layers can be used for this purpose while remaining highly transparent to infrared radiation. channel bus and the buried common gate layer will electri cally switch the transistor between off (insulating) or on (conducting) states. With no bias applied to the underlying gate 40, both the gate 40 and channel 30 layers will contain free electrons. The electrons in the channel 30 will connect the dipole 14 and stub 12 increasing its effective length. With a negative bias applied to the gate 40, the potential of the channel30 in the gap will be raised above the Fermi level as referenced to the surface, depleting it of electrons and breaking the connection to the stub 12.
Detailed modeling may be used to define the doping levels, bias conditions, and geometry's needed to maximize the optical effect of FET switching. As an example, initial calculations show that the use of InAlGaAs heterostructures can produce sub-micrometer sized transistors with the required conductance/isolation characteristics at infrared frequencies. The optical frequency of 10-micrometer radia tion is approximately 30 teraHertz (THz). This oscillation rate corresponds to a cycle period of 33 femtoseconds, and indirectly determines the minimum channel doping required in the FET structures to produce an electrically and optically conducting channel at this wavelength. For the semiconduc tor to respond to this wavelength, the channel doping is preferably greater than 5x10" cm with a mobility of about 1000 cm/Vs. This level of doping is can be routinely achieved using InGaAs compounds.
In an alternate embodiment, the FETs described above may be replaced with other switching devices, for example Deformable Mirror Devices (DMD). One example of a structure using a DMD is shown in FIG. 7 Lo is the physical length of the major axis of the antenna elements, n is the index of refraction of the FSS substrate, nois the index of refraction of either the air or passivation layer on top of the antenna elements. Moreover, variations in the optical extinction coefficient (k) will affect both the FSS bandpass wavelength and overall optical absorption. 5,661,594 7 In the a preferred embodiment to provide a smoothly tunable FSS resonator, an electro-optic (EO) material 80 is embedded at or near the FSS patterned antenna structure 82 as shown in FIG. 9 . Electrical bias across this layer will modulate the dielectric characteristic of the layer and there fore the optical environment of the FSS elements. The EO layer 80 interacts strongly with the complex electromagnetic fields near the antenna elements 82 so that smooth changes in bias voltage produce smooth shifts in the resonant char acteristic of the FSS. Preferably the electro-optical layer 80 is composed of a heterostructure superlattice which is con structed to be nearly optically resonant with the resonant characteristics of the FSS antenna elements.
Normally, the electro-optic response of bulk semiconduc tors is rather small at infrared wavelengths. However, as shown in FIG. 10 , quantum-confinement effects can produce strong variations in n and k over selected wavelengths. A quantum-confining potential well is formed by sandwiching a narrow-band-gap material such as InGaAs between two wide-band-gap materials such as InAlAs. The semiconduc tor layers are grown by molecular beam epitaxy (MBE), metal-organic chemical vapor deposition (MOCVD), or other epitaxial process. The potential energy well formed by the InAlAs barriers and intermediate InGaAs layer forms discrete electronic states that have strong oscillator strengths in the infrared region. Alternatively, repeated growth of thin wide-gap and narrow-gap semiconductors can produce a Superlattice structure that displays similar variations in opti cal constants near intra-band energies.
Adding or removing electrons from an optically resonant quantum-well structure will cause large variations in n and k near the intra-band (E) energy. Placing either a quantum-wellor resonant superlattice near the FSS elements can then dramatically alter the FSS resonant wavelength according to Equation 1 above. Strong EO effects in quan tum well structures have been well studied for use in lasers, EO modulators, and recently in infrared detector arrays.
The quantum-well width is selected to control the energy state separation between the n=1 and n=2 energy states. This is done such that the population or de-population of elec trons from the n=1 ground state produces the MAXIMUM modulation of the index of refraction of the overall structure at the center resonant wavelength of the FSS patterned antenna structure. Shown in FIGS. 11a-b is the computed energy band diagram for the preferred heterostructure to be used for tuning a FSS pattern that is tuned to the 8-to 12-micrometer wavelength band. The structure preferably has the material and dimensional parameters detailed in Table 1 , and is fabricated by conventional MBE or MOCVD methods. In this example, the quantum-well width is 11.5 nm, giving an inter-subband energy separation of 124 meV. appropriate for 10-micrometer optical absorption.
Two conditions are required to use the nonlinear optical properties of the quantum well to shift the resonant charac teristic of the FSS patterned antenna structure: the electric field of the incoming electromagnetic radiation must have a This coupling is a free parameter and is controlled by the FSS antenna geometry and distance between the FSS and the underlying quantum web layer or layers.
FIG. 12 shows a sectional view of an FSS where the
Substrate incorporates a single quantum-well heterostructure resonator. The correct operation of the underlying quantum well resonator in altering the optical resonance of the FSS pattern requires that the electrical potential of both sides of the quantum well heterostructure be at defined potentials. A buried control electrode 90, preferably InGaAs, is used to fill or deplete the quantum-well layer 92, preferably InCaAs, with electrons. Preferably a wide bandgap semiconductor layer 98 of InAIAS is on either side of the quantum well (or Superlattice) layer 92.
When the FSS pattern 94 is in the form of a inductive slot pattern, the patterned antenna structure is electrically con tinuous across its surface, and the preferred method to set the quantum well bias is to directly contact the FSS pattern 94 at its periphery and apply bias to the FSS 94 and the buried control electrode 90. However, capacitive FSS patterns are discontinuous, and some means must be supplied to provide bias across the quantum well layer 92 to deplete or populate the ground state of the quantum well. This bias is preferably supplied by adding a bus electrode 96 to the FSS pattern 94, directly underneath the FSS antenna elements in the manner previously shown in FIG. 5. These bus lines 96 are prefer ably doped semiconductor lines that electrically intercon nect all of the FSS antenna elements. The individual bus lines 96 are interconnected at the periphery of the FSS pattern 94 using semiconductor or metal interconnects, and finally contacted and biased to set the potential of the quantum well layer 92. Alternatively, a preferably thin (5 nanometers thick) layer of platinum or nickel or gold metal can be deposited over the FSS pattern so as to electrically interconnect the separate FSS dipole elements. In this method, the apparent optical thickness of the metal overcoat must be made less than the FSS resonant wavelength. Thin metal or semiconductor layers can be used for this purpose while remaining highly transparent to infrared radiation.
A single resist lift-off metallization technique may pref erably be used to fabricate capacitive (dipole-tripole) arrays. Inductive (slot) arrays may preferably be fabricated with a double-lift-off, metal-on-polymer process. Otherfabrication methods, such as ion milling and reactive-ion metal etching (RIE) may also be used. FSS arrays having less than 0.1-micrometer antenna features are producible by the pre ferred processes. (FIG. 13a) and exposed, using, preferably electron beam lithography (FIG. 13b) . The PMMA 102 may be developed using a 1:1 solution of methyl-isobutyl-ketone (MBK) and isopropyl alcohol. A thin film of metal 104, typically gold or aluminum, is then preferably evaporated over the patterned resist 102 and exposed substrate 100 (FIG. 13c) . Lift-off removal of the remaining PMMA 102 and metal 104 above it may be accomplished using acetone immersion (FIG. 13d) . This process will produce an array of uniform antenna elements on the surface of the chosen Substrate.
The fabrication of inductive grids requires a slightly more complicated process. In principle, the same process as used to fabricate capacitive grids could be used by replacing PMMA with negative electron beam resist. However, the sidewalls of the developed negative resist are typically not vertical and would not be suitable for lift-off. A double-lift off, metal-on-polymer process, shown in FIGS. 14a-g, is a preferable alternative to a negative resist process. Polyamide 112 is preferably spun on the selected substrate 110, fol lowed by a layer of PMMA 114 (FIG. 14a) . The next three steps are preferably identical to the capacitive grid process, resulting in a metal pattern 116 of the inductive slots on top of the polyamide layer 112. The metal pattern 116 may serve as an etch mask when, as an example, an O. plasma transfers the pattern to the polyamide 112 (FIG.14e) . A final metal layer 118 is preferably deposited (FIG. 14f) , followed by removal of the remaining polyamide 112 and metal 116,118 above it, using, for instance, immersion in methylene chloride (FIG. 14g) .
Modern crystal-growth techniques such as molecular beam epitaxy (MBE) allow the atomic layer control of semiconductor layer thickness, doping, and semiconductor composition. Altering the semiconductor composition between adjacent semiconductors also alters the band gap between layers. This allows a precise engineering of the electron potential energy in the growth direction.
Advanced epitaxial techniques for growing heterostruc ture devices on GaAs, InP, and Si substrates have been established. Both MBE and metal-organic MBE processes are available for AlGaAs/GaAs, InAlGaAs/InGaAs, InCap/ GaAs, InP/InGaAs, and Si/CaF/Ge/All single-crystal growth. The InAIAS/InGaAs system is particularly useful for this work owing to its advantageous band alignments in quantum well structures. This system can also support the heavy doping that will be required to build infrared FET Switches.
High-resolution patterning on InAlGaAs compounds is possible through the use of reactive-ion etching. For example, a highly anisotropic RIE process based on boron trichloride (BCI) may be used. This process may also be used to etch the power busses that may be needed in the band-switched FSS design. There are also several standard processes for forming ohmic contacts at metal-InAlGaAs layers. All these processes are compatible with gold or aluminum FSS antenna element designs.
Some of the advantages of the tunable array filters include: Electrical switching for high-speed operation; high reliability (i.e., no moving parts); lightweight and compact; fast band switching, and potentially high integrated trans mission.
A Q-switch for a laser may be constructed by using a FSS 122 preferably on GaAs as a switchable mirror for the cavity. illuminates the openings in the FSS 132. If the wavelength of the switching light source is shorter than that equivalent to the bandgap in the substrate (-0.85 um in GaAs), the photoelectric effect will generate conduction band electrons in the FSS 132 openings, shorting them out, and making the surface reflective. The energy from the reference 130 then floods the array 138. Alternately, the FSS may be switched by using FETs at each opening. The spatially controllable characteristic over the surface of these filters in addition to the waveband controllabity gives additional preferred embodiments. "Solid-state" (non mechanical) optical scanners is one application. In a pre ferred embodiment, an image plane scanner could be made by placing the filterin an image plane, and only passing light from certain pixel areas at a time. Another preferred embodi ment is for specialized polarizers, where the angle, and amount of polarization is controllable. The presentinvention may be applied to various types of spatial filters. Specific uses include aperture shaping filters. Spatial control of the filter can be made to control phase, allowing wavefront correction/control. Still another set of potential embodi ments is to use the filter as a light modulator for commu nications or optical processing. Spatial control at a small enough scale may allow switching/modulation at the micrometer size features.
The present invention may be used as a replacement for an opto-mechanical shutter, as shown in FIG. 16 , such as is used with uncooled sensor sights. Use of the electronically switchable filter would reduce the size and weight, increase the reliability, and possibly give an increase in the flexibility of operation. It may be used as a Q-switch in a laser as shown in FIG. 15 . It may serve as a bandpass filter whose instantaneous bandpass may be moved which would be useful for spectral analysis of sensor data, as an example. It could be used as a filter for blocking hazardous wavelengths from a sensor, possibly where the threat wavelength is moving.
As is obvious, from the examples above, the present invention has many potential uses. The above list of embodi ments is in no way meant to be exhaustive or limiting. It is provided to show the broad range of uses for the present invention.
A preferred embodiment has been described in detail hereinabove. It is to be understood that the scope of the invention also comprehends embodiments different from
